1 



US 6,308,531 Bl 



HYBRID CYCLE FOR THE PRODUCTION 
OF LIQUEFIED NATURAL GAS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

Not applicable. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

Not applicable. 

BACKGROUND OF THE INVENTION 

The production of liquefied natural gas (LNG) is achieved 
by cooling and condensing a feed gas stream against mul- 
tiple refrigerant streams provided by recirculating refrigera- 
tion systems. Cooling of the natural gas feed is accom- 
plished by various cooling process cycles such as the 
well-known cascade cycle in which refrigeration is provided 
by three different refrigerant loops. One such cascade cycle 
uses methane, ethylene and propane cycles in sequence to 
produce refrigeration at three different temperature levels. 
Another well-known refrigeration cycle uses a propane 
pre-cooled, mixed refrigerant cycle in which a multicom- 
ponent refrigerant mixture generates refrigeration over a 
selected temperature range. The mixed refrigerant can con- 
tain hydrocarbons such as methane, ethane, propane, and 
other light hydrocarbons, and also may contain nitrogen. 
Versions of this efficient refrigeration system are used in 
many operating LNG plants around the world. 

Another type of refrigeration process for natural gas 
liquefaction involves the use of a nitrogen expander cycle in 
which nitrogen gas is first compressed and cooled to ambient 
conditions with air or water cooling and then is further 
cooled by counter-current exchange with cold low-pressure 
nitrogen gas. The cooled nitrogen stream is then work 
expanded through a turbo-expander to produce a cold low 
pressure stream. The cold nitrogen gas is used to cool the 
natural gas feed and the high pressure nitrogen stream. The 
work produced by the nitrogen expansion can be used to 
drive a nitrogen booster compressor connected to the shaft 
of the expander. In this process, the cold expanded nitrogen 
is used to liquefy the natural gas and also to cool the 
compressed nitrogen gas in the same heat exchanger. The 
cooled pressurized nitrogen is further cooled in the work 
expansion step to provide the cold nitrogen refrigerant. 

Refrigeration systems utilizing the expansion of nitrogen- 
containing refrigerant gas streams have been utilized for 
small liquefied natural gas (LNG) facilities typically used 
for peak shaving. Such systems are described in papers by 
K. Muller et al entitled "Natural Gas Liquefaction by an 
Expansion Turbine Mixture Cycle" in Chemical Economy & 
Engineering Review, Vol. 8, No. 10 (No. 99), October 1976 
and 'The Liquefaction of Natural Gas in the Refrigeration 
Cycle with Expansion Turbine" in Erdol und Kohie— 
Erdgas—Petrochemie Brennst-Chem Vol. 27, No. 7, 
379-380 (July 1974). Another such system is described in an 
article entitled "SDG&E: Experience Pays Off for Peak 
Shaving Pioneer" in Cryogenics & Industrial Gases, 
September/October 1971, pp. 25-28. 

U.S. Pat. No. 3,511,058 describes a LNG production 
system using a closed loop nitrogen refrigerator with a gas 
expander or reverse Brayton type cycle. In this process, 
liquid nitrogen is produced by means of a nitrogen refrig- 
eration loop utilizing two turbo-expanders. The liquid nitro- 
gen produced is further cooled by a dense fluid expander. 



The natural gas undergoes final cooling by boiling the liquid 
nitrogen produced from the nitrogen liquefier. Initial cooling 
of the natural gas is provided by a portion of the cold 
gaseous nitrogen discharged from the warmer of the two 
5 expanders in order to better match cooling curves in the 
warm end of the heat exchanger. This process is applicable 
to natural gas streams at sub-critical pressures since the gas 
is liquefied in a free-draining condenser attached to a phase 
separator drum. 

10 U.S. Pat. No. 5,768,912 (equivalent to International 
Patent Publication WO 95/27179) discloses a natural gas 
liquefaction process which uses nitrogen in a closed loop 
Brayton type refrigeration cycle. The feed and the high 
pressure nitrogen can be pre-cooled using a small conven- 
15 tional refrigeration package employing propane, freon, or 
ammonia absorption cycles. This pre-cooling refrigeration 
system utilizes about 4% of total power consumed by the 
nitrogen refrigeration system. The natural gas is then lique- 
fied and sub-cooled to -149° C. using a reverse Brayton or 
20 turbo-expander cycle employing two or three expanders 
arranged in series relative to the cooling natural gas. 

A mixed refrigerant system for natural gas liquefaction is 
described in International Patent Publication WO 96/11370 
^ 5 in which the mixed refrigerant is compressed, partially 
condensed by an external cooling fluid, and separated into 
liquid and vapor phases. The resulting vapor is work 
expanded to provide refrigeration to the cold end of the 
process and the liquid is sub-cooled and vaporized to 
3o provide additional refrigeration. 

International Patent Publication WO 97/13 109 discloses a 
discloses a natural gas liquefaction process which uses 
nitrogen in a closed loop reverse Brayton-type refrigeration 
cycle. The natural gas at supercritical pressure is cooled 
35 against the nitrogen refrigerant, expanded isentropically, and 
stripped in a fractionating column to remove light compo- 
nents. 

The liquefaction of natural gas is very energy-intensive. 
Improved efficiency of gas liquefaction processes is highly 
40 desirable and is the prime objective of new cycles being 
developed in the gas liquefaction art. The objective of the 
present invention, as described below and defined by the 
claims which follow, is to improve liquefaction efficiency by 
providing two integrated refrigeration systems wherein one 
45 of the systems utilizes one or more vaporizing refrigerant 
cycles to provide refrigeration down to about -100° C. and 
utilizes a gas expander cycle to provide refrigeration below 
about -100° C. Various embodiments are described for the 
application of this improved refrigeration system which 
50 enhance the improvements to liquefaction efficiency. 

BRIEF SUMMARY OF THE INVENTION 

The invention is a method for the liquefaction of a feed 
gas which comprises providing at least a portion of the total 
55 refrigeration required to cool and condense the feed gas by 
utilizing a first refrigeration system which comprises at least 
one recirculating refrigeration circuit, wherein the first 
refrigeration system utilizes two or more refrigerant com- 
ponents and provides refrigeration in a first temperature 
60 range; and a second refrigeration system which provides 
refrigeration in a second temperature range by work expand- 
ing a pressurized gaseous refrigerant stream. 

The lowest temperature in the second temperature range 
preferably is less than the lowest temperature in the first 
65 temperature range. Typically, at least 5% of the total refrig- 
eration power required to liquefy the feed gas is consumed 
by the first refrigeration system. Under many operating 
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conditions, at least 10% of the total refrigeration oower In *n -^i^. ^ , u . _ ~ 

required «, liquefy the feed gas can be consumed by theZ m mVem "* ** refrigerant 

nTtSgi" 8 refrigerati0n SyStem - ^ ^ 835 " (1) a first gaseous refrigerant; 
Th t - . ^ coolin g 31,(1 partially condensing the resulting com- 
1 tie retngerant in the first recirculating refrigeration cir- 5 pressed refrigerant to yield a vapor refrigerant fraction 
cutt can comprise two or more components selected from the and a liquid refrigerant fraction- 
group consisting of nitrogen, hydrocarbons containing one (3) further cooling and reducing the pressure of the liauid 
or more carbon atom* and halocarbons containing one or refrigerant fraction, and vapf rizingfce resulting Z d 
more carbon atoms. The method refrigerant in the second refrigerant fraction to provL refflgera tio Tn A fi£ 
recrculatmg refngeration circuit can comprise nitrogen. >« temperature range and'yield a first vaporize!! I rettS- 

At least a portion of the first temperature range typically mv > 

is between about -40° C. and about -100° C, and at least ( 4 > cooling and condensing the vapor refrigerant fraction 

!fn^° n0 !^u firSl ^ reducing the pressure of at least a portion of the' 

-60 C. and about -100° C. At least a portion of the second „ resulting liquid, and vaporizing the resulting liauid 

temperature range can be below about -100° C. 15 refrigerant fraction to provide additional refrigeration 

In one embodiment of the invention, the first recirculating m ^ first tem perature range and yield a second 

refrigeration system is operated by ° vaporized refrigerant; and 

(1) compressing a first gaseous refrigerant- combinin g me fi rst and second vaporized refrigerants 

(2) cooling and at least partially condensing the resulting 20 V^Z^ g f 6 ° U ' refri S erant of <«• 
compressed refrigerant- ° g Va P°nzation of the resulting liquid in (4) can be effected 

sis ~a ■ *u \ ■ at 3 P ressure lower than the vaporization of the resulting 

®c3Si PreSSUre ,° f « reSUlting at l6aSt partiaUy Uquid refrigerant fraction in (3), wherein the second 
condensed compressed refngerant; ized refrigerant would be compressed before combing 

(4) vaponzing the resulting reduced-pressure refrigerant <, 5 WIth * e first vaporized refrigerant. Work from work expand- 
to provide refngeration in the first temperature range " in S *e cooled gaseous refrigerant in (3) can provide a 
and yield a vaporized refrigerant; and " portion of the work required- for compressing the second 

(5) recirculating the vaporized refrigerant to provide the 8™*°™ refrigerant in (1). 

first gaseous refrigerant of (1). ' t ^ feed gas can be natural gas, and if so, the resulting 
At least a portion of the cooling of the resulting com- 30 M( l uefied natural gas stream can be flashed to a lower 

pressed refrigerant in (2) can be provided by indirect heat P ressure to yield a light flash vapor and a final liquid 

exchange with vaporizing reduced-pressure refrigerant in P roduct - The light flash vapor can be used to provide the 

(4). At least a portion of the cooling in (2) can be provided Second S aseous refrigerant in the second refrigerant circuit, 

by indirect heat exchange with one or more additional BRIEF DESCRIPTION OF SEVERAL VIEWS OF 

vaponzing refngerant streams provided by a third recircu- 35 THE DIVINGS 

lating refrigeration circuit. The third recirculating refrigera- pr r * : c . ^ a A . 

turn circuit typically utilizes a single component refrigerant } ? schematlc flow dia g ram of a prefened embodi- 

TTie third recirculating refrigeration circuit can utLTa ^ ^ 

mixed refrigerant comprising two or more components schematic flow diagram of another embodi- 

The second recirculating refrigeration system can be 40 °! ^ P resent invention which utilizes an alternative 

operated by method for pre-coohng the recirculating refrigerant in the 

(1) compressing a second gaseous refrigerant to provide ^T?" ref ^ geration fl 
the pressurized gaseous refrigerant in (by ' 1S a scnematlc fl ow diagram of another embodi- 

JZl the th C0,d l f n ^ rantln re ^ationsystem,opre-coolthefeedgas,thecompressed 

(4) wamung the cold refrigerant to provide refngeration refrigerant in the vapor recompression refrigeration cycle 
in the second temperature range; and 5Q and the compressed refrigerant in the gas expander refrig- 

(5) recirculating the resulting wanned refrigerant to pro- eration cycle. 

vide the second gaseous refrigerant of (1). FIG. 5 is a schematic flow diagram of another embodi- 
At least a portion of the cooling in (2) can be provided by ment of * e present invention which utilizes an additional 

mdirect heat exchange by warming the cold refrigerant U 9 uld mbled refrigerant stream in the vapor recompression 
stream in (4). Also, at least a portion of the cooling in (2) can 55 refrigeration cycle. 

be provided by indirect heat exchange with the vaporizing FIG- « is a schematic flow diagram of another embodi- 

retngerant of (a). At least a portion of the cooling in (2) can me « of the present invention in which heat exchange among 

be provided by indirect heat exchange with one or more *e feed gas and two refrigeration systems is consolidated 

additional vaponzing refrigerants provided by a third recir- imo a minimum number of heat exchange zones 
culatmg refngeration circuit, which can utilize a single 60 FIG. 7 is a schematic flow diagram of another embodi 

component refngerant. Alternatively, the third recirculating men. of the present invention JSiSS Z JlSSi 

refngeration circuit can utilize a mixed refrigerant which vapor recompression refrigeration system 

composes two or more components. FIG. 8 is a schematic flow diagram of another embodi 

The first recirculating refrigeration circuit and the second ment of the present invention which utSE I SSt 

EST" refr,gerati0n f< uit can P rovide > in ■ ™& « refrigeration ^le to preco I feed gaf ^ 

hea exchanger, a portion of the total refrigeration required FIG 9 is a schematic fW lr * 

to liquefy the feed eas & h u nu. y is a schematic flow diagram of another embodi- 

' ment of the present invention which utilizes expander work 
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to provide a portion of the compression work in the gas working fluid typically does not undergo phase change so 
expander refrigeration cycle. heat is absorbed „ the fluid fa wame g * Bia £%*£ 

DETAILED DESCRIPTION OF THE T**' hoWever ' * e workin g fluid can ^ergo a small 

INVENTION 81-66 P chan Se during work expansion. 

5 The gas expander cycle efficiently provides refrigeration 

Most LNG production plants today utilize refrigeration to fluids which are also cooling over a temperature range 

produced by compressing a gas to a high pressure, liquefy- and is particularly useful in providing for very low tempera- 

mg the gas against a cooling source, expanding the resulting ture refrigeration such as that required in producing liquid 

liquid to a low pressure, and vaporizing the resulting liquid nitrogen and hydrogen. 

to provide the refrigeration Vaporized refrigerant is recom- '° A disadvantage of the gas expander refrigeration cycle 

S3? EL"!!:? of g ~r *s recirculating refrig r ion however - is fcat * is reiativ ^ i-Snciem at s « 

circuit. This type of refrigeration process can utilize a refrigeration. The net work required for a gas expander cvcle 

™°T n « T d re , fng ; rant ? 3 CaSCad6d Singl6 refri S eratOT is e <J ual ^ <»* difference between ^0—! 

!S r % Cydef0r C °t mg ' 3nd * d6fin6d » sor work ^ * e expander work, whi!e the work X a 

generally herein as a vaporizing refrigerant cycle or as a » cascade or single component refrigeration cycle is simply 

vapor recompression cycle. This type of cycle is very the compressor work. In the gas expander cycle expaSn 

r r V t° g C °°^ " ear ■""^f tem P eratures " work can easily be 50% or more of the compressor 

IS JT g u aVall ?. ,6 WhiCh WU1 When P rovidin S wa ™ refrigeration. The problem w thfte 

condense at a pressure well below the refrigerant critical gas expander cycle in providing warm refrigeration iTthat 

si~d W wm ITSt 10 ^ ambien K t6m P 6rature K heat 20 ^ -efficiency in the compressor system iSti^ 
sink, and will also boil at a pressure above atmospheric tv^ ^k^*;„« ~* +u . • . . 

while absorbing heat from the refrigeration load. J^k 5 * J™ 61 " 10 " * t0 6Xpl ° U * 6 
4 „ rU . « «. . 6 benefits of the gas expander cycle in providing cold refrie- 
As the required refrigeration temperature decreases in a eration while utilizing the benefits of pure or multi- 
single component vapor compression refrigeration system, a component vapor recompression refrigeration cycles in pro- 
particular refrigerant which boils above atmospheric pres- J viding warm refrigeration, and applying this combinaZ of 
SSiinS^irrff 1 . 10 Pr °H ide ^ rCqUired re **™n » «» "question. This combination 
ffi^f itaLtSS oSS°g n as Cyde ^ PaniCUlarly ^ ^ ^ 

£SS. "^^ttllSffSS^ - AC6 ° rding » 1,16 inV6nti0n ' — , pure 
two-fluid cascade can be u^lSdT wS a^tofij com P onent ' ^or cascaded vapor recompression refrigera- 
provides the warmer «ft£S« 35? ESS £5 ^» are used to provide a portion of me refrigeration 
provides the colder refrigeration. Rather than reSting heat S J h£ ' uefac v fton * ^low about 
to an ambient temperature, howeve reS ^ ' "S? T l ° ab ° Ut " 10 ° C 11,6 r6Sidual re- 
heat to me bomng h^r fluid while tseVcSdensmg C 35 r 1^^^?^ about -100° 
low temperatures can be reached by cascading multipk * ?Z™ Y w 3 refhgerant S 35 " ^ 
fluids in this manner. cascaoing multiple recirculation circuit of the refrigerant gas stream used for 

» ' worK expansion is physically independent from but ther- 

A multi-component refrigeration (MCR) cycle can be mally integrated with the regulation circuit "uiS of 

t aS f,I yPe ° f . ca ** k CyC ' e iD Whkh Ae h6aVi6St «> ,he pure 0r mixed component vapor recompression cycle or 

components of the refrigerant mixture condense against the cycles. More than 5% and usually more than 10% of the total 

ambient temperature heat sink and boil at low pressure while refrigeration power required for liquefaction of the feed K 

condensing the next tighter component which itself will boil can be consumed by die pure or mixed component vapS 

on P l V n e th 0n H enSln f l ° StiU Hghter COmP ° nenU " nd S ° ^pression cycle or cycles. The invent^ TcTbe unple- 

on, until the desired temperature is reached. The main 45 mented in the design of a new liquefaction plant or can be 

£2Th£* mult, - com .P~ ^tem over a cascaded utilized as a retrofit or expansion of an existing plant by 

n„th n f,h i u , 1 excnangers. 50 lng fl UMj or nmds genera ij y comprise one or more compo- 
rt 5 1? f y ! ■ be T e ^ 6ffiCient 38 ^ t6mp6ra - nents chosen from "^n- hydrocarbons having one or 
™««L , r6fng6ratl0n .^ decreases because of the more carbon atoms, and halocarbons having one or more 
necessity to cascade multiple fluids. To provide the tern- carbon atoms. Typical hydrocarbon refrigerants include^ 
peratures (typically -220° F. to -270° F.) required for LNG methane, ethane, propane, i-butane, butane ?S tpentane 
production, multiple steps mvolving multiple components 55 Representative halocarbon refrigerants include R22 R23* 
are employed. In each step there are thermodynamic losses R32, R134a, and R410a. The gas stream to be work 
ESrS £ n8/c0nd6 1 nsing h6at tansta across a ex P and «d in the gas expander cycle can be a pure component 

uhese 2a t^lt ' "* ^ ^ additi ° nal St6P ° r 3 mb!tur6 ° f «»nP« examples Include a ? pure 

mese losses increase. nitrogen stream or a mixture of nitrogen with other gases 

Another type of industrially important refrigeration cycle 60 such as methane, 

is the gas expander cycle In this cycle the working fluid is The method of providing refrigeration using a mixed 

em?,' C °° led SenS,bly I" 1 * 0 " 1 / haS6 Chang6) ' W ° rk coniponentcircuitinclud^ 

expanded as a vapor m a turbine, and warmed while pro- stream and coohng the compressed stream using an external 

dSnT S l ° ^ ^ 6fhg6r f ti0 " lo f ™ s ^cle is also coohng fluid such as air, coding water, or STr prS 

defined as a gas expander cycle. Very low temperatures can 65 stream. A portion of the compressed mixed refrigerant 

be obtamed relatively efficiently with this type of cycle using stream is liquefied after external cooling. At least a pS 

a single recirculating coohng loop. In this type of cycle, the of the compressed and cooled mixed refrigenuJ streams 
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further cooled in a heat exchanger and then reduced in exchanger 106 is effected by the warming of mixed ^fria 

pressure and vaporized by heat exchange against the gas erant steam 125 in the Si^lS9^c^^?£ 

steam being ; hqueficd The evaporated and wanned mixed The mixed refrigerant typically ataJK 

refrigerant steam is then recirculated and compressed as carbons selected from methane, ethane, propanTi butane 

described above. 5 butane, and possibly i-pentane. Additionally, the refrigerant 

The method of providing refrigeration using a pure com- mav contain other components such as nitrogen. In scrub 

ponent circuit consists of compressing a pure component column 108, the heavier components of the natural gas feed, 

steam and cooling it using an external cooling fluid, such as for exam ple pentane and heavier components, are removed! 

air, cooling water, another pure component stream. A portion In ^ P resent examples the scrub column is shown with only 

of the refrigerant stream is liquefied after external cooling. 10 a stripping section. In other instances a rectifying section 

At least a portion of the compressed and liquefied refrigerant with a condenser can be employed for removal of heavy 

is then reduced in pressure and vaporized by heat exchange contaminants such as benzene to very low levels. When very 

against the gas stream being liquefied or against another Iow levels of heav y components are required in the final 

refrigerant stream being cooled. The resulting vaporized LNG P rod "ct, any suitable modification to scrub column 110 

refrigerant steam is then compressed and recirculated as J 5 can be made - For example, a heavier component such as 

described above. butane may be used as the wash liquid. 

According to the invention, the pure or mixed component Bottoms product 110 of the scrub column then enters 
vapor recompression cycle or cycles preferably provide fractionation section 112 where the heavy components are 
refrigeration to temperature levels below about -40° C, recovered as steam 114. The propane and lighter compo- 
preferably below about -60° C, and down to about -100° 20 nents m stream 118 ^ough heat exchanger 106, where 
C, but do not provide the total refrigeration needed for ^ streani is cooled t0 about ~ 30 ° C., a nd recombined with 
liquefying the feed gas. These cycles typically may consume the overhead product of the scrub column to form purified 
more than 5%, and usually more than 10%, of the total feed stream 120 Stream 120 is then further cooled in heat 
refrigeration power requirement for liquefaction of the feed exchanger 122 to a typical temperature of about -100° C. by 
gas. In the liquefaction of natural gas, pure or mixed 25 warmin 8 mixed refrigerant stream 124. The resulting cooled 
component vapor recompression cycle or cycles typically stre am 126 is then further cooled to a temperature of about 
can consume greater than 30% of the total power require- ~ 166 ° C 1x1 heat exchanger 128. Refrigeration for cooling in 
ment required to liquefy the feed gas. In this application, the heat changer 128 is provided by cold refrigerant fluid 
natural gas preferred is cooled to temperatures well below slTeam 130 from turbo-expander 166. This fluid, preferably 
-40° C, and preferably below -60° C, by the pure or mixed 30 nitro S en > is predominately vapor containing less than 20% 
component vapor recompression cycle or cycles. u< * uid 311(1 is at a typical pressure of about 11 bara (all 
The method of providing refrigeration in the gas expander P ressures ^n ^e absolute pressures) and a typical tern- 
cycle includes compressing a gas stream, cooling the com- ~ 168 ° C Fm1heT cooled stream 132 can be 
pressed gas stream using an external cooling fluid further u adiabatlcall y t0 a Pressure of about 1.05 bara across 
cooling at least a portion of the cooled compressed gas 35 throttbng valve 134 Alternatively, pressure of further cooled 
stream, expanding at least a portion of the further cooled f^*? ] 32 °° Uld ^ reduced across a w ork expander. The 
stream in an expander to produce work, warming the g ^ fl ° WS int ° se P arator or stora S e tank 136 
expanded steam by heat exchange against the steam to be LNG product is withdrawn as stream 142. In 
liquefied, and recirculating the warmed gas stream for S ? m * CaSeS ' de P endhl S on natural gas composition and 
further compression. This cycle provides refrigeration at 40 temD€ratur e exiting heat exchanger 128, a significant 
temperature levels below the temperature levels of the 9 uantlt y of h S ht 1S evolved as steam 138 after the flash 
refrigeration provided by the pure or mixed refrigerant vapor SS Till 134 ™ S gaS can be warme d in heat exchangers 
recompression cycle. l£6 ma 150 and compressed to a pressure sufficient for use 

In a prefer mode, the pure or mixed component vapor 45 "£L??j? ?? V*' ■ 
recompression cycle or cycles provide a portion of Ae R f n S erat, °n » cool the natural gas from ambient tern- 
cooling to the compressed gas stream prior tEexpansion TnTuT ' T ° f ^ " 10 °° C " Pr0Vided by 
in an expander. In an alternative mode, the gas stream may Strel i ^ k Z h5 g f ^ l0 ° P *** m f tioned ab ° Ve - 
be expanded in more than one expander. Any known SSTi. , u high pressure mixed refngerant which 
. expander amingement to liquefy a gas stream may be used <„ t en,ers , heat exchanger 106 at ambient temperature and a 
The invention may utilize any of a wideTaSv of heat 5 ° T ? ° f / b ° Ut 38 ^ 71,6 refrigeram is cooled 
exchange devices in the refrigeration cfaSTlSS 2d .W 8 ° f ab ° M ^ ^ in heat exchan S ers 106 
plate-fin, wound coil, and shell and tube type Tea* , 122 , ™tmg as stream 148. Stream 148 is divided into 
exchangers, or combinations thereof, depending on the JK" • ^"^P*™"- A «™ n " P 0 ™"' W*- 
specific application. The invention is independent of the « abou ' 4% ; 15 « du «d m pressure adiabaticaUy to about 
number and airangement of the heat exchan^rs utilized™ ™ ? " nd 15 ! ntroduc 1 ed slream 149 into heat exchanger 
the claimed process 150 t0 P rovide supplemental refrigeration as described 

SSim pr ° ce K , te ^ ed to . h ^ ef y ^ f eed gas about 10 bara and is introduced to the effrfSS 
TJ1 ^ , Prc ^ ly 18 t0 HqUefy natUral g3S 35 60 exchan S er 106 ™ e refrigerant flows downwi nd vaoor 
S l0 Z£ USttat ! Pr ° CeSS - NatUral gaS iS fifSt izes » "tenor 109 of heat exchierT^dleaveH; 

=S§S»f?H? 8K35E-3SS 

SS^ WTr** 65 eXChanger 15 °- 71,6 COmbined low P^sure stream 156 is 
iSTS^il S^S„12« c ° oled . stream ^n compressed in multi-stage intercooled compressor 158 

iUZ flows into scrub column 108. The cooling in heat back to the final pressure of about 38 bara. Liquid can be 
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., formed in the intercooler of the compressor, and this liquid tion into heat exchangers 106 and 150. In this embodiment 

is separated and recombined with the main stream 160 three levels of pre-cooling are used in heat exchangers 402' 

exiting final stage of compression. The combined stream is 401, and 400, although any number of levels can be used as' 

then cooled back to ambient temperature to yield stream required. In this case, returning refrigerant fluids 156 and 

146 - 5 170 are compressed cold, at an inlet temperature slightly 

Final cooling of the natural gas from about -100° C. to be,ow 11,31 P rovide d by the pre-cooling refrigerant. This 

about -1 66° C. is accomplished using a gas expander cycle arrangement could be implemented as a retrofit or expansion 

employing nitrogen as the working fluid. High pressure ° f existin 8 propane pre-cooled mixed refrigerant LNG 
nitrogen stream 162 enters heat exchanger 150 typically at 

ambient temperature and a pressure of about 67 bara and • shows another embodiment of the invention in 

is then cooled to a temperature of about -100° C in'heat whl ?. high P ressure mixed refrigerant stream 146 is sepa- 

exchanger 150. Cooled vapor stream 164 is substantially ^ d m » Ijquid and vapor sub-streams 500 and 501. Vapor 

isentropically work expanded in turbo-expander 132, typi- SJ ^ V $ a > *° ab ° Ut "1°? C " substantiall y 

cally exiting at a pressure of about 11 bara Ld a temperate SSS ™? * * "T P ressureof about 3 bara - md used 

of about -168° C. Ideally the exit pressure is at « « STo^o^w r l***^. 1 *** -«» 500 is 

below the dewpoint pressure of the nitrogen at a temperature ™! f k a u ' 1 K ^ UCed * ™ mtern,ed,ate 

cold enough to effect the cooling of So otS K"? a ^ T* "* M 502 l ° prcvMe 

temperature. Expanded mtxoge/stream 130 is men w3 SdStS^ 52^ EE ^ T 505 iS 

to near ambient temperature in heat exchangers 128 and 150. £ e^chan^J • T , refn « erauon t0 

Supplemental refrigeration is provided to heat exchanger 20 "^changers 150 a, earher described. 

150 by a small steam 149 of the mixed refrigerant, as ™ vaporized low pressure mixed refrigerant return 

described earlier, and this is done to reduce the irreversib litv " *S comb,ned t0 form stream 506, which is then 

in the process by causing the cooling curves heat exchanger T ° TTT/ ~ 3 °° C * m 

150 to be more closely aligned. From heat exchanger 150 mtermed f e P KSS ™ of about 9 bara and combined with 
wanned low pressure nitrogen stream 170 is compressed in 25 va P» nzed intermediate pressure stream 507. The resulting 

multistage compressor 168 back to a high pressure of about fTtnl , u * com P ressed «> a nnal pressure of 

67 bara. about 50 bara - In this embodiment, liquid is formed in the 

a. A u .u- . , intercooler of the compressor, and this liquid is recombined 

As mentioned above, this gas expander cycle can be with the main flow 160 exiting the final compression stage 

implemented as a retrofit or expansion of an existing mixed rw n * 8 compression stage, 

refrigerant LNG plant or an existing mixed ^ Optionally, compressed nitrogen stream 510 could be 

. . ' . , , . cooled before entering heal exchanger 150 by utilizing 

n tr TVft 0dmen \ 0 f the mvention is illustrated subcooled refrigerant liquid stream 511 (not shown). A 

»*?u InSte ^ f *e wound coil heat exchangers 106 and portion of stream 511 could be reduced in pressure and 

128 shown m FIG 1 this alternative utilizes plate and fin vaporized to cool stream 510 by indirect heat exchange, and 
hea exchangers 206, 222, and 228 along with plate and fin „ the resulting vapor would be returned to the refrigerant 

heat exchanger 250. In this embodiment, the irreversibility compressor. Alternatively, stream 510 could be cooled with 

m the warm nitrogen heat exchanger 250 is reduced by other process streams in the. heat exchanger cooled by 

decreasing the flow of the cooling streams rather than by vaporizing refrigerant stream 502 

increasing the flow of warming streams. In either case the Another embodiment is shown in FIG 6 in which heat 
effect is similar and the cooling curves heat exchanger 250 4Q exchangers 122, 106 and 150 of FIG 1 are combined 

HSS^S£ I" ^ emb ° diment ° f FIG - * tonally into heat exchangers 600 ani 6oTt yS Tan 

a small portion of the warm high pressure nitrogen as stream equipment simplification. Notl that a balancing stream such 

262 is cooled m heat exchangers 206 and 222 to a tempera- as stream 168 of Fir, 1 i* n„ f-T • a T .u- 

ture of about -100" C exiting as stream 202. Stream 2^2 is ^^^J^^,^^!^^^ £ 

expander 232. exchanger 601 a portion of the total refrigeration required to 

HG. 3 illustrates another alternate embodiment of the liquefy the feed gas. These two refrigeration circuits also 

invention. In this embodiment, the working fluid for the gas provide in heat exchanger 600 another portion of the total 

expander refrigeration loop is a hydrocarbon-nitrogen mix- refrigeration required to liquefy the feed gas The remainder 
ture from the light vapor stream 300 evolved by flashing the 50 of the total refrigeration required to liquefy the feed gas is 

liquefied gas from heat exchanger 128 across valve 134. provided in heat exchanger 128 

™* V * p0 5 J? *« c ° mbi " ed witb ^ fluid exiting turbo- FIG. 7 presents an embodiment of the invention in which 
expander 132, warmed in heat exchangers 128 and 150, and two separate mixed refrigerant loops are employed before 
impressed in compressor 368. The gas exiting compressor final cooling by the gas expander refrigeration loop. The first 
2 ^^ l ^ m ^f^3m.Tb e b^oftbe gaS 55 refrigeration loop employing compressor 701 and pressure 
exiting 308 is passed into heat exchanger 150 and small reduction device 703 provides primary cooling to a tem- 
poral 304, equal m flow to the flow of flash gas stream 300, perature of about -30° C. A second refrigeration loop 

fjy T n fr ° m * C CLrCUlt u f °; 35 fUd S3S f ° r * C LNG ""Ploying compressor 702 and expansion devices 704 ana 

facility. In flus embodiment, the functions of fuel gas com- 705 is used to provide further cooling to a temperature of 

pressor 140 and recycle compressor 168 of FIG. 1 are «, about -100° C. This arrangement could be implemented as 

2? compressor 368 '! ,s 3180 P° ssible to withdraw a retrofit or expansion of an existing dual mixed refrigerant 

stream 304 from an interstage location of recycle compres- LNG plant. 

. ' FIG- 8 presents an embodiment of the invention in which 

An alternate embodiment is illustrated in FIG. 4 in which a two-fluid cascade cycle is used to provide precooling prior 

another refrigerant (for example propane) is used to pre-cool 65 to final cooling by the gas expander refrigeration cycle 

?x!ht e irc 1 Z ge ^, a " d ,"X d reftigerant Z*?*™ in heat FIG. 9 illustrates the use of expander 800 to drive the final 

exchangers 402, 401, and 400 respectively before introduc- compressor stage of the compressor for the gas expander 
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refrigeration circuit. Alternatively, work generated by 
expander 800 could be used to compress other process 
streams. For example, a portion or all of this work could be 
used to compress the feed gas in line 900. In another option, 
a portion or all of the work from expander 800 could be used 5 
for a portion of the work required by mixed refrigerant 
compressor 958. 

The invention described above in the embodiments illus- 
trated by FIGS. 1-9 can utilize any of a wide variety of heat 
exchange devices in the refrigeration circuits including 10 
wound coil, plate-fin, shell and tube, and kettle type heat 
exchangers. Combinations of these types of heat exchangers 
can be used depending upon specific applications. For 
example in FIG. 2, all four heat exchangers 106, 122, 128, 
and 150 can be wound coil exchangers. Alternatively, heat 15 
exchangers 106, 122, 128 can be wound coil exchangers and 
heat exchanger 150 can be a plate and fin type exchanger as 
utilized in FIG. 1. 

In the preferred embodiment of the invention, the major- 
ity of the refrigeration in the temperature range of about 20 
-40° C. to about -100° C. is provided by indirect heat 
exchange with at least one vaporizing refrigerant in a 
recirculating refrigeration circuit. Some of the refrigeration 
in this temperature range also can be provided by the work 
expansion of a pressurized gaseous refrigerant. 25 

EXAMPLE 

Referring to FIG. 1, natural gas is cleaned and dried in 
pretreatment section 172 for the removal of acid gases such 
as C0 2 and.H 2 S along with other contaminants such as 3Q 
mercury. Pretreated feed gas 100 has a flow rate of 24,431 
kg-mole/hr, a pressure of 66.5 bara, and a temperature of 32° 
C. The molar composition of the stream is as follows: 





TABLE 1 


Feed Gas Composition 


Component 


Mole Fraction 


Nitrogen 


0.009 


Methane 


0.9378 


Ethane 


0.031 


Propane 


0.013 


i-Butane 


0.003 


Butane 


0.004 


i-Pentane 


0.0008 


Pentane 


0.0005 


Hexane 


0.001 


Heptane 


0.0006 



35 



Pre-treated gas 100 enter first heat exchanger 106 and is 
cooled to a temperature of -31° C. before entering scrub 50 
column 108 as stream 102. The cooling is effected by the 
warming of mixed refrigerant stream 109, which has a flow 
of 554,425 kg-mole/hr and the following composition: 



TABLE 2 



Mixed Refrigerant Composition 


Component 


Mole Fraction 


Nitrogen 


0.014 


Methane 


0.343 


Ethane 


0.395 


Propane 


0.006 


i-Butane 


0.090 


Butane 


0.151 



60 



65 

In scrub column 108, pentane and heavier components of 
the feed are removed. Bottoms . product 110 of the scrub 
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column enters fractionation section 112 where the heavy 
components are recovered as stream 114 and the propane 
and lighter components in stream 118 are recycled to heat 
exchanger 106, cooled to -31° C M and recombined with the 
overhead product of the scrub column to form stream 120. 
The flow rate of stream 120 is 24,339 kg-mole/hr. 

Stream 120 is further cooled in heat exchanger 122 to a 
temperature of -102.4° C. by warming mixed refrigerant 
stream 124 which enters heat exchanger 122 at a tempera- 
ture of -104.0° C. The resulting stream 128 is then further 
cooled to a temperature of -165.7° C. in heat exchanger 128. 
Refrigeration for cooling in heat exchanger 128 is provided 
by pure nitrogen stream 130 exiting turbo-expander 166 at 
-168.0° C. with a liquid fraction of 2.0%. The resulting 
LNG stream 132 is then flashed adiabatically to its bubble 
point pressure of 1.05 bara across valve 134. The LNG then 
enters separator 136 with the final LNG product exiting as 
stream 142. In this example, no light gas 138 is evolved after 
the flash across valve 134, and flash gas recovery compres- 
sor 140 is not required. 

Refrigeration to cool the natural gas from ambient tem- 
perature to a temperature of -102.4° C. is provided by a 
multi-component refrigeration loop as mentioned above. 
Stream 146 is the high pressure mixed refrigerant which 
enters heat exchanger 106 at a temperature of 32° C. and a 
pressure of 38.6 bara. It is then cooled to a temperature of 
-102.4° C. in heat exchangers 106 and 122, exiting as 
stream 148 at a pressure of 34.5 bara. Stream 148 is then 
divided into two portions. A smaller portion, 4.1%, is 
reduced in pressure adiabatically to 9.8 bara and introduced 
as stream 149 into heat exchanger 150 to provide supple- 
mental refrigeration. The major portion 124 of the mixed 
refrigerant is also flashed adiabatically to a pressure of 9.8 
bara and introduced as stream 124 into the cold end of heat 
exchanger 122. Stream 124 is warmed and vaporized in heat 
exchangers 122 and 106, finally exiting heat exchanger 106 
at 29° C. and 9.3 bara as stream 152. Stream 152 is then 
recombined with minor portion of the mixed refrigerant as 
stream 154 which has been vaporized and warmed to 29° C. 
in heat exchanger 150. The combined low pressure stream 
156 is then compressed in 2-stage intercooled compressor 
158 to the final pressure of 34.5 bara. Liquid is formed in the 
intercooler of the compressor, and this liquid is recombined 
with the main flow 160 exiting the final compressor stage. 
The liquid flow is 4440 kg-mole/hr. 

Final cooling of the natural gas from -102.4° C. to 
-165.7° C. is accomplished using a closed loop gas 
expander type cycle employing nitrogen as the working 
fluid. The high pressure nitrogen stream 162 enters heat 
exchanger 150 at 32° C. and a pressure of about 67.1 bara 
and a flow rate of 40,352 kg-mole/hr, and is then cooled to 
a temperature of -102.4° C. in heat exchanger 150. The 
vapor stream 164 is substantially isentropically work- 
expanded in turbo-expander 166, exiting at -168.0° C. with 
a liquid fraction of 2.0%. The expanded nitrogen is then 
warmed to 29° C. in heat exchangers 128 and 150. Supple- 
mental refrigeration is provided to heat exchanger 150 by 
stream 149. From heat exchanger 150, the warmed low 
pressure nitrogen is compressed in three-stage centrifugal 
compressor 168 from 10.5 bara back to 67.1 bara. In this 1 
illustrative Example, 65% of the total refrigeration power 
required to liquefy pretreated feed gas 100 is consumed by 
the recirculating refrigeration circuit in which refrigerant 
stream 146 is vaporized in heat exchangers 106 and 150 and 
the resulting vaporized refrigerant stream 156 is compressed 
in compressor 158. 

Thus the present invention ofTers an improved refrigera- 
tion process for gas liquefaction which utilizes one or more 



